We report a carbohydrate microarray-based approach for the rapid, facile analysis of glycosaminoglycan-protein interactions. The key structural determinants responsible for protein binding, such as sulfate groups that participate in the interactions, were elucidated. Specificities were also readily compared across protein families or functional classes, and comparisons among glycosaminoglycan subclasses provided a more comprehensive understanding of protein specificity. To validate the approach, we showed that fibroblast growth factor family members have distinct sulfation preferences. We also demonstrated that heparan sulfate and chondroitin sulfate interact in a sulfationdependent manner with various axon guidance proteins, including slit2, netrin1, ephrinA1, ephrinA5, and semaphorin5B. We anticipate that these microarrays will accelerate the discovery of glycosaminoglycan-binding proteins and provide a deeper understanding of their roles in regulating diverse biological processes.
INTRODUCTION
Heparin and heparan sulfate (HS) glycosaminoglycans play important roles in many physiological and pathological processes such as cell growth, viral invasion, angiogenesis, and cancer. The chemical diversity of HS, represented by varied stereochemistries and sulfation patterns, is believed to have important functional consequences, enabling a large number of protein-binding motifs to be generated from a relatively simple scaffold [1, 2] . Indeed, glycosaminoglycans have been shown to interact with a wide range of proteins, including growth factors, metalloproteinases, chemokines, and pathogenic proteins [1, 2] . Despite intense study, the precise sequences involved in protein recognition are understood only in a few cases [3] [4] [5] . Elucidating the sulfation specificities of the growing number of HS-binding proteins in the genome will be critical for understanding the structure-activity relationships of glycosaminoglycans and the molecular mechanisms underlying important biological processes.
Several powerful methods have been developed to study glycosaminoglycan-protein interactions [6] . Typically, small oligosaccharide libraries are created from naturally occurring polysaccharides by heparinase treatment and, in some cases, chemical desulfation followed by resulfation with various sulfotransferase enzymes [6] [7] [8] . The oligosaccharides are then radiolabeled, and HSprotein interactions are evaluated by affinity chromatography or electrophoretic mobility shift assays [7, [9] [10] [11] . Alternatively, indirect competition assays have been used to determine the sulfation specificities of proteins by using free heparin of varying sulfation patterns to disrupt the binding of proteins to immobilized heparin [6, 12] . Mass spectrometry has been applied recently to characterize the binding of HS to certain proteins, such as chemokine ligand 2 and fibroblast growth factor-2 (FGF2) [13, 14] . Finally, surface plasmon resonance and isothermal calorimetry have been exploited to provide quantitative information about HS-protein interactions [15] [16] [17] . Although effective, none of these methods is ideally suited to the direct, high-throughput analysis of glycosaminoglycanprotein interactions. Existing approaches are generally labor intensive, require specialized equipment, consume significant amounts of carbohydrate or protein, and/or involve handling of expensive radioactive materials. Given the large number of binding partners and diverse glycosaminoglycan structures, new tools are needed to study glycosaminoglycan-protein interactions: specifically, to examine systematically how the sulfation patterns of HS direct its interactions with proteins, to identify biologically active motifs more rapidly, and to look globally across protein families and glycosaminoglycan classes to understand the role of specific interactions in physiological processes.
Recently, we and others have developed carbohydrate microarrays for the high-throughput analysis of carbohydrate-protein interactions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The miniature array format permits detection of multiple binding events simultaneously and requires minimal amounts of carbohydrate and protein. Several systems have been used to profile a wide range of carbohydrate-binding proteins, including growth factors and cytokines [22] [23] [24] [25] 30] , lectins [24, 26, 28] , antibodies [20, 27] , and cell receptors [21, 24] . In a few cases, microarrays of chondroitin sulfate (CS) and HS oligosaccharides have been demonstrated to be powerful tools for studying the binding of proteins to specific sulfation sequences [22, 23, 25] .
Here, we report a facile, microarray-based approach that enables rapid interrogation of any protein of interest for binding to various glycosaminoglycan sulfation patterns and classes. The key structural determinants responsible for protein binding, such as sulfate groups that participate in the interaction, are elucidated. Moreover, sulfation specificities can be readily compared across large families or functional classes of proteins. As the approach is amenable to all glycosaminoglycan subtypes, direct comparisons of HS, CS, keratan sulfate (KS), and other classes are possible, providing a more comprehensive understanding of the specificity of proteins for various glycosaminoglycans. In this study, we validate the approach by showing that members of the FGF family have distinct sulfation preferences, consistent with earlier structural and biochemical studies, and we further extend those findings by identifying the sulfation requirements for two previously uncharacterized members, FGF16 and FGF17. In addition, we illustrate the power of glycosaminoglycan microarrays to rapidly provide new information regarding the interactions and functions of HS by demonstrating that HS interacts with a number of axon guidance proteins such as slit, netrin, ephrin, and semaphorin. Sulfation of HS is shown to modulate the specificity of those interactions and may provide a means to fine tune the localization and activity of chemotactic proteins during neuronal development.
RESULTS AND DISCUSSION

Development of Glycosaminoglycan Microarrays
In designing the microarrays, we sought to develop a rapid, convenient approach that would not require specialized expertise in carbohydrate or surface chemistry. As such, we chose a flexible, noncovalent strategy for attachment of glycosaminoglycans to poly-L-lysine (PLL)-coated slides. CS oligosaccharides have previously been immobilized noncovalently on nitrocellulose membranes, but the approach required synthesis of a neoglycolipid conjugate for each oligosaccharide [27] . We wanted to circumvent these derivatization steps and exploit the high-throughput robotic printing and fluorescence scanning technology used for microarrays. Based on strong precedent with other charged glycans [30, 31] and DNA [32, 33] , we reasoned that anionic glycosaminoglycans might adhere to PLL-coated slides while maintaining the ability to interact with proteins.
To validate the approach, we first examined whether polysaccharides of differing sulfation patterns adhere uniformly to PLL-coated surfaces. Heparin polysaccharides (MW of $13,000) varying in the number and position of sulfate groups were labeled at the reducing end with 5-(((2-(carbohydrazino)methyl)-thio)acetyl)aminofluorescein in the presence of sodium cyanoborohydride. Specifically, we used polysaccharides that had been chemically desulfated at key positions: 2-O-desulfated heparin in which the 2-O-sulfate groups of uronic acid had been removed (2-deO), 6-O-desulfated heparin wherein the 6-O-sulfate groups of glucosamine had been removed (6-deO) , fully N-acetylated heparin in which the amino groups of glucosamine were desulfated and Nacetylated (N-Ac), and fully O-desulfated heparin (deO) (Figure 1 ). These naturally derived polysaccharides were chosen because previous studies have exploited such preparations to understand glycosaminoglycan-protein interactions [12, [34] [35] [36] . Moreover, the use of HS isolated from natural sources would enable profiling of proteinbinding patterns to glycosaminoglycans in different cell types, organs, or developmental stages. Equal concentrations of the polysaccharide-fluorescein conjugates were manually spotted onto PLL slides, and after washing with 0.5 M NaCl and PBS, the fluorescence intensity at 530 nm was measured relative to an unconjugated fluorescein control. Importantly, we found that the derivatives adhered uniformly to the slide surface irrespective of the sulfation pattern (Figure 2A ). Approximately 86% of the polysaccharide attached to the surface in each case, indicating efficient and uniform immobilization of the polysaccharides. Attachment of the carbohydrate was stable to high salt concentrations and was observed to be linear with respect to polysaccharide concentration ( Figure 2B ).
Having shown uniform, efficient attachment of various polysaccharides to PLL-coated surfaces, we examined whether these surfaces could be exploited to detect glycosaminoglycan-protein interactions. A Microgrid II arrayer robot was used to deliver nanoliter volumes of heparin (unconjugated to fluorescein) in solutions ranging in concentration from 5 nM to 1000 nM, yielding spots that were $100 mm in diameter. The microarray was incubated with FGF2, a member of a large family of growth factors involved in cell proliferation, development, and tumor angiogenesis and one of the best characterized HS-binding proteins [4, 37] . Binding of FGF2 was subsequently detected by incubation of the array with an anti-FGF2 antibody followed by a secondary Cy3-labeled antibody. We found that FGF2 bound to heparin on the array in a concentration-dependent manner ( Figures 3A and 3B) . Binding of FGF2 to as little as 0.01-10 fmol heparin could be detected on the microarray, indicating very high detection sensitivity. Interestingly, the S-shaped kinetic curve implied a complex binding mechanism consistent with cooperative binding of FGF2 to the polysaccharide. Analysis of the Hill plot gave a Hill coefficient of 6.1, suggestive of positive cooperativity. These results are similar to those of previous studies suggesting a multisite binding model for HS-protein interactions and/or the possibility of cooperative binding sites [6, [38] [39] [40] . Nonlinear regression analysis of the relative fluorescence intensity as a function of carbohydrate concentration afforded an EC 50 value of 80.2 ± 2.7 nM, similar to K d values determined for the binding of FGF2 to both heparin polysaccharides and oligosaccharides by surface plasmon resonance and optical biosensor binding assays [15, 41] .
To determine whether the approach could be exploited to rapidly probe the sulfation specificities of proteins, we constructed a high-density microarray containing differentially sulfated HS derivatives. Specifically, heparin, 2-O-desulfated heparin, 6-O-desulfated heparin, fully Nacetylated heparin, and fully O-desulfated heparin were printed on a 1 cm 3 1 cm grid (480 spots) at concentrations ranging from 5 nM to 100 mM. We found that FGF2 displayed distinct binding preferences for each sulfated form. Shown in Figure 3C is the relative binding of FGF2 to the HS variants at three different carbohydrate concentrations. By printing the polysaccharides over a wide concentration range, those concentrations that lie in a nearly linear part of the binding curve can be established, which enables comparison of the relative binding affinities of a protein to each sulfated variant. Strong binding of FGF2 to heparin and 6-O-desulfated heparin was observed, whereas the interaction was significantly reduced upon 2-O-desulfation, N-desulfation and acetylation, or complete O-desulfation of heparin. These findings agree with other biochemical studies, in which 2-O-sulfation, but not 6-O-sulfation, was shown to be crucial for the heparin-FGF2 interaction. Moreover, the results are reinforced by X-ray crystallographic studies demonstrating that the 2-O-sulfate and N-sulfate groups of heparin engage in electrostatic interactions with basic residues of FGF2 [42] [43] [44] .
Quantitative analysis of the relative fluorescence intensities as a function of carbohydrate concentration afforded an EC 50 value for 6-O-desulfated heparin of 83.3 ± 1.3 nM, comparable to that of heparin ( Figure 3D ). In contrast, removal of the 2-O-sulfate and N-sulfate groups significantly reduced the affinity of FGF2 for heparin (EC 50 = 685.7 ± 17.0 and 666.4 ± 10.1 nM, respectively). As expected, no appreciable binding of FGF2 to completely O-desulfated heparin was observed. Although we obtained excellent quantitative data for FGF2, we note that some proteins are more amenable to this analysis than others. Importantly, all proteins that we examined showed linear binding to glycosaminoglycans within a given concentration range, which enabled direct comparison of the relative binding affinity of proteins for the different HS variants. Together, these results highlight the power of microarrays to enable rapid, systematic explorations into the importance of sulfation.
Sulfation Specificities Across the Fibroblast Growth Factor Family
The ability to analyze many glycosaminoglycan-protein interactions simultaneously facilitates comparisons across large protein families. Previous studies have suggested that different FGF members recognize distinct HS sulfation sequences, raising the interesting possibility that the sulfation patterns presented on the cell surface may help Chemistry & Biology to activate particular FGF-signaling pathways [43, 45, 46] . We examined the sulfation specificities of various members of the family, including FGF1, FGF4, FGF16, and FGF17. Notably, each family member exhibited a distinct sulfation preference ( Figure 4 ). In contrast to FGF2, FGF1 showed a strong reduction in binding to 6-O-desulfated heparin relative to heparin and a more modest reduction in binding to 2-O-desulfated heparin. On the other hand, 2-O-desulfation and 6-O-desulfation led to a comparable reduction in FGF4 binding to heparin, suggesting that sulfation at both positions is equally important. In all cases, N-sulfation was found to be a critical determinant for binding. Our results are supported by previous studies indicating that FGF1 requires 6-O-sulfation and N-sulfation, but not 2-O-sulfation, for heparin binding [7, 47] , whereas FGF4 requires sulfation of both the 2-O-and 6-O-positions [45] .
We also characterized two new members of the FGF family, FGF16 and FGF17, whose sulfation specificities, to our knowledge, were unknown. FGF16 plays a role in the development of the heart [48] , whereas FGF17 participates in the induction and patterning of the developing brain [49] . We found that FGF16 required sulfation at the 2-O-, 6-O-, and N-positions at low polysaccharide concentrations. Interestingly, at higher concentrations, binding of FGF16 to 6-O-desulfated heparin was observed, suggesting a greater importance for the 2-O-sulfate-position. With FGF17, we identified 6-O-sulfation and N-sulfation as key determinants for heparin binding. While 2-Odesulfation of heparin diminished the interaction, the loss of binding was less than that observed upon 6-Odesulfation, suggesting a greater role for 6-O-sulfation.
These findings demonstrate that the FGF family members exhibit distinct preferences for HS sulfation motifs, and they highlight the ease with which the sulfation specificities of HS-binding proteins can be elucidated by using microarrays. The enhanced affinity of FGF family members for particular sulfation motifs may be important during development, as the sulfotransferases involved in HS biosynthesis are differentially expressed in certain tissues and developmental stages [50, 51] . For instance, studies have shown that alternations in the HS sulfation pattern that favor FGF1 binding relative to FGF2, as well as changes in growth factor production from FGF2 to FGF1, occur as neural precursor cells cease to proliferate and begin to differentiate [50, 52, 53] . It will be interesting to examine whether the sulfation motifs uncovered by our microarrays for FGF16 and FGF17 are upregulated during organogenesis or brain development and modulate the activity of these important growth factors.
Sulfation Specificities of Axon Guidance Proteins
Glycosaminoglycan microarrays can also be exploited to study proteins that lack homology, but share a common function, in order to probe the involvement of HS in specific biological processes. For instance, previous studies have shown that HS interacts with slit2, a protein that directs axons toward specific targets in the developing brain [16, 54, 55] . However, the importance of sulfation in directing this interaction has not been examined. We also sought to investigate whether HS might interact with a variety of chemotactic proteins and thus participate more broadly in axon guidance.
We found that slit2 bound to heparin on the microarray, consistent with cellular studies in which Chemistry & Biology [16, 54] . More importantly, we observed a strong preference of slit2 for 6-O-sulfated heparin, as indicated by a significant decrease in slit2 binding upon desulfation at the 6-position. By comparison, 2-O-desulfation elicited a weaker response. Slit2 also bound N-acetylated heparin poorly, indicating an important role for N-sulfation in binding. These results establish that slit2 has a preference for HS sulfation sequences that contain 6-O-sulfation and N-sulfation.
As independent confirmation of the microarray data, we examined the effects of HS sulfation on slit-mediated axon guidance. Olfactory bulb explants isolated from embryonic day 14.5 embryos were cocultured with slit2-expressing HEK293 cell aggregates in a collagen-Matrigel matrix. To visualize the axons, the cultures were stained with an anti-tau antibody and were examined by confocal fluorescence microscopy. As shown in Figure 6A , the secreted slit2 protein repels growing axons from the olfactory bulb. Previous studies have established that slit2 requires HS to mediate axon repulsion, as treatment of the cultures with heparinase or exogeneous HS abolished the repulsive activity of slit2 [54] . We therefore investigated the effects of the sulfated HS variants employed in our microarrays. The number of fasciculated axon bundles in the proximal and distal quadrants of the coculture was measured for each sulfated variant ( Figure 6A ). As expected, slit2 induced axonal repulsion, as indicated by the low proximal to distal ratio observed. We found that heparin and 2-O-desulfated heparin abolished the repulsive effects of slit2. In contrast, 6-O-desulfated and N-acetylated heparin had only modest effects on slit2-induced axonal repulsion, and completely O-desulfated heparin had no effect. These findings are consistent with the results obtained from our microarray analyses, which indicate that only heparin and 2-O-desulfated heparin interact strongly with slit2.
We next examined whether HS sulfation patterns are important for neuronal cell migration mediated by slit2. HEK293 cell aggregates expressing slit2 were cocultured with anterior subventricular zone (SVZa) explants from postnatal day 4-7 rats in a collagen-Matrigel matrix. Migrating neurons were visualized by transmitted light microscopy by using an inverted Zeiss microscope at 53 magnification. As shown in Figure 6B , slit2 repelled the migration of cells from the explants. Notably, the addition of heparin or 2-O-desulfated heparin to the medium abolished the repulsive activity of slit2 on neuronal migration. To quantify these effects, the ratio of the number of migrating neurons in the proximal versus the distal quadrants of the coculture was plotted ( Figure 6B ). The repulsion induced by slit2 can be seen by the presence of more neurons on the distal than the proximal side of the explant. In contrast, the addition of heparin or 2-O-desulfated heparin caused a more symmetrical, radial pattern of cells, in which equal numbers of neurons were found on both sides. Consistent with our microarray data, 6-Odesulfated heparin had only a slight effect on neuronal repulsion, and neither N-acetylated heparin nor completely de-O-sulfated heparin had an effect relative to the control ( Figure 6B and data not shown) . Together, Chemistry & Biology these functional studies corroborate our microarray analyses and demonstrate that glycosaminoglycan microarrays can be used to gain new insights into the biological activities of HS-binding proteins.
To examine whether HS participates more broadly in axon guidance processes, we probed a panel of chemoattractant/chemorepellent proteins, including netrin1, ephrinA1, ephrinA5, and semaphorin5B (sema5B). Netrin functions as a chemoattractant on commissural axons when binding to its receptor DCC (deleted in colorectal cancer), whereas the ephrin family of proteins has been shown to regulate axon guidance through contact-mediated repulsion, inducing collapse of neuronal growth cones during development [55, 56] . The semaphorins are a large family of conserved secreted proteins that mediate chemotactic guidance events such as collapse of motor neuron growth cones and repulsion of growing axons [57] . Interestingly, semaphorin5A (sema5A) has been shown to interact with both HS and CS glycosaminoglycans [58] . Using the microarrays, we found that loss of 2-O-sulfation, 6-O-sulfation, or N-sulfation reduced the binding of netrin1 to heparin by approximately the same extent ( Figure 5B ). Complete O-desulfation nearly abolished netrin1 binding, particularly at lower concentrations of polysaccharide. These data suggest that netrin1 requires sulfation at the 2-O-, 6-O-, and N-positions, although we cannot exclude the possibility that netrin does not require a specific sulfation sequence for heparin binding. Either way, these findings are interesting, as the chemorepellent and chemoattractant proteins, slit and netrin, respectively, clearly interact with HS in a distinct manner. Remarkably, HS appears to be essential for the axon guidance activities of both netrin and slit. We found that netrin-mediated attraction was greatly diminished heparinase treatment or the addition of exogenous heparin to netrin1-olfactory bulb cocultures (see Figure S1 in the Supplemental Data available with this article online).
Sema5B exhibited a preference for specific sulfation motifs, as 2-O-desulfation and N-desulfation/acetylation of heparin reduced binding of sema5B by $50%, whereas 6-O-desulfation had a lesser effect ( Figure 5C ). Moreover, to our knowledge, we demonstrate for the first time that ephrinA1 and ephrinA5 interact with HS and have a preference for both 2-O-and N-sulfation ( Figures 5D and 5E ). Thus, their binding profile more closely resembles that of sema5B and contrasts with that of slit2. EphrinA1 and N-acetylated and fully O-desulfated heparin had no effect on slit-mediated axon repulsion. The ratio of migrating neurons in the proximal versus distal quadrants was quantified relative to the explant. Error bars represent the SEM from three experiments. The scale bars indicate 500 mm. ephrinA5 share 68% homology, which likely accounts for their similar sulfation specificity. The ability of the ephrins to elicit a variety of biological responses is believed to arise from their promiscuous binding pattern (all ephrin A1-A5 ligands bind to all A1-A10 ephrin receptors) and the formation of higher-order ligand-receptor complexes [56, 59] . One possibility is that the specificity and multivalency of the ephrin/ephrin receptor interaction may be modulated by interactions with HS. Although this hypothesis remains to be tested, an intriguing observation is that ephrin null mutants in C. elegans enhance the phenotype of sulfotransferase null mutants, which suggests a possible functional connection between ephrin and HS sulfation [60] .
It has become increasingly evident that HS plays an important role in axon targeting in the developing nervous system. For instance, mice lacking the HS-modifying enzyme N-acetylglucosamine N-deacetylase/N-sulfotransferase (Ndst1) exhibit severe developmental defects of the forebrain, including cerebral hypoplasia and lack of olfactory bulbs [61] . Studies of the Xenopus optic pathway indicate that inhibiting 2-O-and 6-O-sulfation causes developing axons to bypass their target, the tectum [62] . Furthermore, neuronal guidance defects such as incorrect midline patterning were observed in genetic studies of C. elegans mutants lacking certain sulfotransferases [63] . These studies suggest that the sulfation patterns of HS are critical for correct axon targeting. Our discovery of the unique affinities of axon guidance proteins for disparate HS sulfation patterns substantiates these previous studies. An intriguing possibility is that HS may participate in controlling the localization and activity of chemotactic proteins during neuronal development, possibly assisting in the creation of local protein gradients and facilitating interactions with cell surface receptors.
The variety of sulfation specificities observed by these proteins, coupled with other studies linking particular sulfotransferases to axon targeting [60] [61] [62] [63] , underscores the importance of elucidating the sulfation specificities of axon guidance proteins. Given the large number of potential sulfation sequences, the creation of focused libraries of synthetic oligosaccharides with defined sulfation motifs will be important in future studies. The microarrays described herein should help in this regard by allowing glycosaminoglycan-protein interactions to be probed rapidly and by providing valuable information to guide oligosaccharide library designs.
Comparisons Across Glycosaminoglycan Classes
In addition to versatility with respect to proteins, our microarray platform is compatible with all glycosaminoglycan subtypes, which permits systematic comparisons of protein binding across various classes. Such comparisons are important for understanding the specificities of glycosaminoglycan-binding proteins in vivo, where various subtypes may compete with one another for protein binding. We constructed microarrays containing heparin; HS; CS enriched in the CS-A, CS-C, CS-D, or CS-E sulfation motifs; dermatan sulfate (CS-B); KS; and hyaluronic acid (HA). The binding of FGF1 and FGF2 to the array was initially tested because previous studies have demonstrated that FGF1 interacts with HS, but not CS polysaccharides, whereas FGF2 recognizes both heparin and CS-E polysaccharides with similar binding affinity [64] . As expected, we found that FGF1 bound strongly to HS and heparin on the microarray and interacted only weakly with CS-E and other glycosaminoglycan classes (Figure 7) . In contrast, FGF2 interacted with HS, heparin, and CS-E to a comparable extent. As further validation, we demonstrated that HA-binding protein (HABP) binds selectively to HA on the microarray.
The ability of various axon guidance proteins to interact with these glycosaminoglycan classes was next examined. Interestingly, all of the proteins recognized heparin, HS, and CS polysaccharides enriched in the CS-E motif ( Figures 7D-7H) . Little or no binding of the proteins to other glycosaminoglycans such as KS or HA was detected. In the case of ephrinA1, ephrinA5, and sema5B, weak binding to other CS polysaccharides and dermatan sulfate was observed, although the extent of binding was generally lower than that of heparin, HS, and CS-E. Notably, all of the proteins interacted weakly with polysaccharides enriched in the CS-D motif, despite the fact that CS-D and CS-E have the same number of sulfate groups per disaccharide unit. Thus, it appears that the precise placement of the sulfate groups, rather than nonspecific electrostatic effects, governs the binding of proteins to CS. Indeed, we have found previously that defined tetrasaccharides displaying two sequential CS-E sequences interact specifically with several proteins, including midkine, brain-derived neurotrophic factor (BDNF), and tumor necrosis factor-a (TNF-a) [22, 23] . Lastly, we validated our microarray results further by showing that CS-E polysaccharides abolish slit2-mediated repulsion of both axons and migrating neurons to the same extent as heparin (see Figures S2 and S3) . Together, our studies suggest that CS-E and HS may modulate the activity of axon guidance proteins in vivo. In accordance with this hypothesis, it has recently been reported that sema5A attracts axons of the diencephalon in the presence of HS, but becomes repulsive toward the same axons when CS is present [58] . Interestingly, sema5B also appears to possess this dual ability to interact with both HS and CS glycosaminoglycans. Future studies will address the intriguing functional interplay between CS-E and HS.
SIGNIFICANCE
Despite growing recognition of the importance of glycosaminoglycans in many physiological processes, a detailed understanding of their structure-activity relationships has been lacking. Here, we report a facile, microarray-based platform that enables rapid interrogation of glycosaminoglycan-protein interactions without requiring specialized expertise in carbohydrate or surface chemistry. The key structural determinants responsible for protein binding, such as sulfate groups that participate in the interaction, are elucidated. Specificities can be compared across protein families or functional classes, and direct comparisons of HS, CS, and other glycosaminoglycans are possible, providing a more comprehensive understanding of protein specificity. We anticipate that the technology will enable profiling of protein-binding patterns to glycosaminoglycans isolated from different cell types, organs, or cell states. To illustrate the approach, we demonstrated that FGF family members recognize distinct sulfation motifs. Moreover, we discovered several HS-binding proteins, including FGF17, ephrinA5, and ephrinA6. We also found that HS binds to several classes of chemotactic proteins, and we show that HS is required for netrin-mediated axonal attraction. Furthermore, we compared the interactions of these proteins with various glycosaminoglycan classes and found that many proteins that recognize HS also recognize CS-E. This suggests that numerous HSbinding proteins may be subject to regulation by both HS and CS glycosaminoglycans.
An important goal for the future will be to understand the sulfation specificities in greater detail. Given the large number of potential sequences, the creation of focused libraries of synthetic oligosaccharides containing a limited set of sulfation motifs will be essential. The microarrays described here will help define the specificities of proteins and guide synthetic library designs. The ability to discover new glycosaminoglycan-binding proteins and elucidate their specificities promises to accelerate the identification of glycosaminoglycan-binding proteins and provide a broader understanding of their physiological roles.
EXPERIMENTAL PROCEDURES
Materials
Heparin polysaccharides were purchased from Neoparin (Alameda, CA). The uronic acid composition of heparin and its sulfated derivatives was $75% L-iduronic acid and 25% D-glucuronic acid, as stated by the manufacturer. CS-A, CS-C, CS-D, CS-E, and KS polysaccharides were purchased from Seikagaku America (Fallmouth, MA). CS-B and HA were purchased from Sigma-Aldrich (St. Louis, MO). Human FGF1, FGF2, FGF4, FGF16, FGF17, ephrinA5, mouse ephrinA1, chicken netrin1, and their respective antibodies were purchased from R&D Systems (Minneapolis, MN). Hyaluronic acid-binding protein and its corresponding antibody were purchased from U.S. Biologicals (Swampscott, MA). (5-(((2-(carbohydrazino)methyl)-thio)acetyl)aminofluorescein was purchased from Invitrogen (Carlsbad, CA). Myctagged human slit2-and HA-tagged chicken netrin1-expressing HEK293 cells were a gift from Professor Yi Rao (Northwestern University; Chicago, IL) [65, 66] . HEK293 cells expressing c-myc-tagged human slit2 were grown in 100 mm dishes for 3 days and were extracted with 5 ml of 1 M NaCl in the presence of a cocktail of protease inhibitors (Roche Diagnostics; Indianapolis, IN) as previously reported [54] . The extract was then concentrated, and the buffer was exchanged for PBS (137 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl [pH 7.4]) by using Centricon filters (30,000 MWCO; Millipore; Billerica, MA). Fc-tagged human AP-Sema5B[TSR1-4]-Fc was a generous gift from Professor Alex Kolodkin (Johns Hopkins University; Baltimore, MD). The APSema5B[TSR1-4] construct was transfected into HEK293 cells and was grown in 100 mm dishes for 2-4 days. The culture media (100 ml) containing $5 nM of the secreted sema5B protein was collected, centrifuged for 30 min at 15,000 3 g, concentrated to 1-2 mM with Centricon filters (10,000 MWCO), and dialyzed into PBS. The PLL-coated glass slides were purchased from Erie Scientific (Portsmouth, NH). Timed-pregnant Sprague Dawley rats were purchased from Charles River Laboratories (Wilmington, MA). All handling and experimental procedures with animals were approved by the Institutional Animal Care and Use Committee at Caltech and were performed in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals. (1:1; 200 ml) at room temperature for 24 hr and was subsequently purified by using a 1 ml C18 Sep-Pak column. Fractions (1 ml) were collected by using an increasing gradient of acetonitrile in water (0%-90%). The product eluted at $85% acetonitrile. The fraction containing the product was confirmed by mass spectrometry. The concentrations of the compounds were adjusted to 1 mM by using the extinction coefficient of the fluorophore (3 = 70,000 M À1 cm À1 ) at 518 nm. The compounds (1 ml) were then manually spotted onto PLL-coated slides in quadruplicate and were dried in a 70% humidity chamber overnight. The resulting microarrays were analyzed for fluorescence signal intensity and spot morphology by using a GenePix 5000a scanner and were placed in a dust-free chamber overnight. The slides were then washed with 0.5 M aqueous NaCl for 30 min with gentle rocking, followed by PBS (5 3 10 min), dried under a gentle stream of N 2 . Signal intensities were then recorded. Comparison of signal intensities before and after washing yielded the same extent of adherence of the polysaccharides to the microarray, $86% based on the extinction coefficient of the fluorophore.
Heparin-Fluorophore Labeling and Surface Adherence Studies
Generation of Microarrays
The relative concentrations of heparin, HS, CS, and KS polysaccharides were calibrated to one another by using the carbazole assay for uronic acid residues [67] . Briefly, the acid borate reagent (1.5 ml of a solution of 0.80 g sodium tetraborate in 16.6 ml H 2 O and 83.3 ml sulfuric acid) was added to 20 ml glass vials with teflon caps. The polysaccharides (50 ml of a 4 mg/ml stock in H 2 O) were added, and the solutions were placed in a boiling water bath for 10 min. After cooling and the addition of the carbazole reagent (50 ml of 0.1% w/v carbazole in 100% ethanol), the solutions were boiled for 15 min. The absorbance was measured at 530 nm and compared to a D-glucuronolactone standard in H 2 O. Solutions of the polysaccharides (10 ml well À1 in a 384-well plate) were spotted onto PLL-coated slides by using a Microgrid II arrayer (Biorobotics; Cambridge, UK) at room temperature and 50% humidity. Solution concentrations ranged from 5 nM to 100 mM, and the arrayer printed 1 nl of each concentration eight times. The resulting arrays were incubated in a 70% humidity chamber at room temperature overnight and then stored in a low-humidity, dust-free dessicator.
Protein-Binding Analyses
The slides were blocked with 3% bovine serum albumin (BSA) in PBS (5 ml) with gentle rocking at 37 C for 1 hr. These conditions were empirically determined to reduce nonspecific binding of proteins to the microarray and to provide optimal signal to noise ratios (an average of 10:1). A 2 cm box was drawn around the polysaccharide spots with a hydrophobic slide marker (Super Pap Pen, Research Products International Corp.; Mount Prospect, IL) prior to blocking. Human FGF1, FGF2, FGF4, FGF16, FGF17, ephrinA1, slit2, sema5B, hyaluronic acid-binding protein, mouse ephrinA5, or chicken netrin1 was reconstituted in 1% BSA in PBS, added to the slides in 50 ml quantities at a concentration of 1-2 mM, and incubated in a humidity chamber (empty pipette tip box containing 10 ml brine in the bottom) for 1 hr at room temperature. The slides were then washed five times for 3 min each in PBS (5 ml) while gently rocking. After the washes, the slides were incubated with 5 ml of the appropriate primary antibody in 1% BSA in PBS solution with gentle rocking for 1 hr. Optimal concentrations were determined for each antibody (1:500 for anti-FGF1; 1:1000 for anti-FGF2, anti-FGF4, anti-FGF16, anti-netrin1, and antimyc [slit2]; 1:2000 for anti-FGF17). The slides were then washed five times for 3 min each in PBS (5 ml) while gently rocking. Next, the slides were incubated with 5 ml of a secondary IgG antibody conjugated to either Cy3 or Cy5 in the dark with gentle rocking for 1 hr (1:5000, Molecular Probes), washed with PBS followed by H 2 O, and then dried under a gentle stream of N 2 . A human IgG antibody conjugated to Cy3 was used for Fc-tagged ephrinA1, ephrinA5, and sema5B (1:5000, Molecular Probes). All incubations and washes were carried out at room temperature unless otherwise noted. The microarrays were analyzed at 532 nm for Cy3 or 635 nm for Cy5 by using a GenePix 5000a scanner, and fluorescence quantification was performed by using GenePix 6.0 software with correction for local background. Mild signal anisotropy is a common occurrence at low concentrations in carbohydrate microarrays [25, 29] . To ensure accurate signal quantification, the average signal intensity was calculated over a fixed area for all spots. No fluorescence intensity was observed with controls performed with primary and secondary antibodies alone. Results were plotted with Kaleidagraph 6.0 software. Each protein was analyzed in triplicate, and the data represent an average of 5-8 spots for a given carbohydrate concentration.
Dissociation Constant Measurements
The EC 50 
where f is the observed fluorescence intensity, f max is the fluorescence intensity at saturation, f o is the initial fluorescence, [HS] is the carbohydrate concentration, and n is the Hill coefficient.
Cell and Tissue Culture Stable HEK293 cell lines expressing human slit2 or chicken netrin1 were maintained in DMEM supplemented with 10% fetal bovine serum and antibiotics in a 5% CO 2 -humidified incubator at 37 C. Cellular aggregates were prepared by the hanging drop method [68] . For the axon guidance assay, olfactory bulb explants were isolated with a tungsten needle from timed-pregnant rats at embryonic day 14.5 and were cocultured in a 2:2:1 Matrigel:collagen:DMEM mixture with HEK293 aggregates expressing either slit2 or netrin1. In the case of the neuronal migration assay, SVZa explants were isolated from the rostral migratory stream of postnatal day 4-7 rat olfactory bulbs and were cocultured with HEK293 aggregates expressing slit2 in a 2:2:1 Matrigel: collagen:DMEM mixture as previously described [69] . CS-E, heparin, 2-O-desulfated heparin, 6-O-desulfated heparin, N-acetylated heparin, or fully O-desulfated heparin (30 mM) was added to the Matrigel mixture and media in both the axon guidance and neuronal migration assays. The cocultures for both assays were incubated at 37 C for 48 hr. For the netrin1 axon guidance assay, either 30 mM heparin or 5 U/ml heparinase III (Sigma) was added to the cocultures. Quantification was performed by measuring the number of migrating neurons or fasciculated axon bundles in the proximal versus distal quadrants of the coculture as described previously [70] . All experiments were done in triplicate to ensure reproducibility.
Imaging and Immunostaining
The olfactory bulb cocultures were rinsed once with PBS, fixed in 4% paraformaldehyde for 20 min at room temperature, washed twice with PBS, permeabilized in 0.3% Triton X-100 for 5 min at room temperature, and washed twice with PBS. Nonspecific binding was blocked with 3% BSA for 1 hr at room temperature. The blocking solution was rinsed off once with PBS. The olfactory bulb cocultures were then incubated with an anti-tau antibody (rabbit polyclonal, 1:500; Sigma) in 3% BSA for 2 hr at room temperature. Excess antibody was washed away five times with PBS. Anti-rabbit IgG Alexa Fluor 488 (1:500; Invitrogen) was added for 1 hr at 37 C in 3% BSA. Excess secondary antibody was washed off five times with PBS. The cocultures were imaged with a Zeiss Axiovert 100M inverted confocal laser microscope in the Biological Imaging Center in the Beckman Institute at Caltech. The images were captured with LSM Pascal software by using 53, 103, or 203 objectives.
Supplemental Data
Supplemental Data include the effects of heparin and CS-E on netrin1-mediated chemoattraction and slit2-mediated chemorepulsion, respectively, and are available at http://www.chembiol.com/cgi/ content/full/14/2/195/DC1/.
